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Abstract We investigated the eﬀects of several tree spe-
cies on dehydrogenase and urease activities in soils de-
rived from two diﬀerent parent materials (glacioﬂuvial
sand and loess) in forested areas in southern Poland. We
hypothesized that coniferous forests (pine, spruce) alter
the soil cation exchange capacity (CEC) and decrease
soil pH and, therefore, might decrease soil enzyme
activities compared with broadleaf species growing on
similar soils. Eight paired plots (12 · 12 m) were
established on glacioﬂuvial sand in pine (Pinus sylves-
tris) + oak (Quercus robur) and spruce (Picea abies) +
pine stands, as well as on loess-derived soils: beech
(Fagus sylvatica) + pine and hornbeam (Carpinus
betulus) + pine stands. Each plot was a 4 · 4 m grid
with 16 sampling points. In soil samples pH, soil texture,
and organic carbon, nitrogen, base cation contents,
dehydrogenase and urease activities were determined.
On both parent materials, the soil pH was lower under
coniferous species than under broadleaf species. The
acidifying eﬀect of tree species on sandy soil was in the
order of spruce = pine > oak, while that on loess was
pine > beech > hornbeam. Hornbeam and oak in-
creased the soil pH and stimulated enzyme activity in the
soil. The content of ﬁne fraction enhanced potential
enzyme activities in soils, thus the loess soils had greater
dehydrogenase and urease activity. The results suggest
that pine stores more soil organic C in association with
silt increasing the pool of stabilized soil organic C.
Keywords Acidiﬁcation Æ C/N ratio Æ Dehydrogenase
activity Æ Forest soils Æ Urease activity
Introduction
Changes in the species composition of forest stands may
lead to modiﬁcations of soil properties. Tree species af-
fect soil organic matter (SOM) accumulation (Augusto
et al. 2002; Hobbie et al. 2007; Mueller et al. 2012), pH
(Nihlga˚rd 1971; Paluch and Gruba 2012; Gałka et al.
2014; Łabaz et al. 2014), and the cation-exchange
capacity (CEC) of the soil (Hobbie et al. 2007; Gruba
and Mulder 2015). The soil microbial biomass and soil
enzyme activity could be aﬀected by tree species in a
variety of ways (Grayston and Prescott 2005; Adamczyk
et al. 2014). Tree species may aﬀect soil enzyme activities
by inﬂuencing the intrinsic properties of tree-derived
SOM, pH modiﬁcation, or nutrient availability (Ko-
troczo´ et al. 2014). Forest litter and root exudates deliver
organic matter that contains various constituents, such
as soluble sugars, organic acids, amino acids, or starch
(Baldrian and Sˇnajdr 2011). The speciﬁc composition of
organic matter may lead to the modiﬁcation of soil
acidity and nutrient pools (Prescott 2005; Mueller et al.
2012; Prescott and Grayston 2013). Generally, conifer-
ous forests have more acidifying eﬀects on soil than
deciduous or mixed forests. Augusto et al. (2002) ranked
tree species in order of decreasing acidifying ability:
conifers ‡ beech, oak, and birch ‡ maple, hornbeam,
ash, and lime. pH is an important variable that inﬂu-
ences SOM decomposition dynamics. Soil pH governs
the ionization of functional groups of organic molecules,
as well as the conformations of substrates and enzymes
(Frankenberger and Johanson 1982). Several recent
investigation showed that in acid forest soils soil pH is
related to the saturation of CEC with aluminium (Al)
and hydrogen (H), rather than base cations (BC =
Ca + Mg + K + Na) (Skyllberg 1999; Gruba and
Mulder 2015). Thus, tree species by modiﬁcation of
relationships between Al, H and BC inﬂuence soil pH,
and other soil properties, such as microbial activity.
Enzyme activities are unequally distributed among soil
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particle-size fractions (Saviozzi et al. 2007). Similar to
the enzyme activity, soil organic matter is also hetero-
geneously distributed among particle size fractions
(Lagomarsino et al. 2009). Sorption by soil minerals can
protect organic material from microbial attack. Sand
has only weak bonding aﬃnities to soil organic matter,
while clay particles provide a large surface and numer-
ous reactive sites to adsorb soil organic matter (Allison
and Jastrow 2006).
Only scattered information exists concerning the
complexity of the relationships between trees species,
soil properties, and enzyme activities. The measurement
of the activity of enzymes involved in the cycling of
nutrients in the soil may be used to assess the quality and
health of soil. Soils with greater microbial diversity and
biochemical activity are characterized by higher resis-
tance to changes in the environment (Allison and Mar-
tiny 2008). The soil quality reﬂects the condition of the
forest stand. Dehydrogenases (DHs) and ureases (URs)
are the most important soil enzymes involved in the
carbon (C) and nitrogen (N) cycles (Sardans et al. 2008).
DH activity plays a role in the biological oxidation of
SOM (Makoi and Ndakidemi 2008). URs regulate the
release of N–NH þ4 through urea hydrolysis, which is
essential in the chain of hydrolysis of amino compounds
(Arago´n et al. 2014). Wolin´ska and Ste˛pniewska (2012),
Veres et al. (2013) showed that soil enzyme activities are
‘‘sensors’’ of soil organic matter (SOM) decomposition.
Decomposition of organic matter in soil depends on
substance properties and accessibility of microorganisms
and their enzymes.
The aim of this study was to investigate the eﬀects of
diﬀerent tree species (Scots pine (Pinus sylvestris),
pedunculate oak (Quercus robur), Norway spruce (Picea
abies), European beech (Fagus sylvatica), and common
hornbeam (Carpinus betulus)) on the dehydrogenases
and urease activities in soils derived from two diﬀerent
parent materials (glacioﬂuvial sand and loess). The study
was conducted in temperate forests in southern Poland.
We hypothesized that coniferous forests (pine, spruce)
alter the soil CEC and decrease soil pH and, therefore,
might decrease soil enzyme activities compared with
broadleaf species growing on similar soils. We expect
that in soils on both parent materials the pine forests




The study was conducted in forested areas of southern
Poland. Eight plots (12 · 12 m) were established in pine
(P. sylvestris), oak (Q. robur), spruce (P. abies), beech (F.
sylvatica), and hornbeam (C. betulus) forest stands. The
plots were paired (one of them always being pine), and
the parent material was similar for each pair. On
glacioﬂuvial sands, we located: pair 1, pine 1-oak, in the
Da˛browa Tarnowska forest district (50 km east of
Krakow); and pair 2, pine 2-spruce, in the Niepołomice
forest district (40 km east of Krakow). On soil devel-
oped from loess, we set up pair 3, pine 3-beech, and pair
4, pine 4-hornbeam, which were located in the Krzes-
zowice forest district (20 km west of Krakow) (Table 1).
Arenosol and Podzol (see Table 1) were derived from
sandy glacial deposits. In loess soils (Luvisols) the silt is
dominant fraction. Each plot experiment was designed
over a regular 4 · 4 m grid, in which 16 sampling points
were designated. Soil sampling at a depth of 0–10 cm
was performed after removal of the residual organic
horizon from the sampling points.
Soil analysis
Soil samples obtained in the ﬁeld were dried and sieved
through 2.0-mm mesh. The pH of the samples was
analyzed in H2O using the potentiometric method. The
soil texture was determined by laser diﬀraction (Analy-












Oak (100) 80 Albic Brunic Arenosol Glacioﬂuvial sand
Pine 1 (P 1) 5003¢72¢¢N
2036¢47¢¢E
Pine (100) 70 Albic Podzol Glacioﬂuvial sand
Spruce (S) 5002¢84¢¢N
2022¢58¢¢E
Spruce (100) 45 Gleyic Albic Podzol Glacioﬂuvial sand
Pine 2 (P 2) 5002¢86¢¢N
2022¢70¢¢E
Pine (100) 70 Gleyic Albic Podzol Glacioﬂuvial sand
Beech (B) 5006¢45¢¢N
1946¢41¢¢E
Beech (90) 70 Cutanic Luvisol (Siltic) Loess
Pine 3 (P 3) 5006¢79¢¢N
1946¢71¢¢E
Pine (100) 90 Cutanic Luvisol (Siltic) Loess
Hornbeam (H) 5006¢84¢¢N
1946¢93¢¢E
Hornbeam (80) 80 Cutanic Luvisol (Siltic) Loess
Pine 4 (P 4) 5006¢72¢¢N
1946¢78¢¢E
Pine (100) 90 Cutanic Luvisol (Siltic) Loess
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sette 22, Fritsch, Idar-Oberstein, Germany). The content
of carbon (C) and nitrogen (N) were measured by an
elemental analyzer (LECO CNS TrueMac Analyzer
(Leco, St. Joseph, MI, USA). As all the samples were
carbonate-free, C was assumed to be organic carbon
(C = Corg). Base cations (BC = Ca2+, Mg2+, K+,
Na+) concentrations were determined after extracting
10 g of soil with 100-mL 1 mol dm3 of a NH4Cl solu-
tion, followed by inductively coupled plasma-optical
emission spectrometry (ICP-OES) (iCAP 6500 DUO,
Thermo Fisher Scientiﬁc, Cambridge, UK). Total acid-
ity (Ht) of the soil was measured after extracting 5 g of
soil with 30 mL 1 mol L1 (CH3COO)2Ca (shaking
time 1 h), followed by ﬁltration. Soil on the ﬁlter was
washed several times by extractant solution up to vol-
ume 200 mL (Buurman et al. 1996). 25 mL of the ob-
tained solution was titrated by potentiometric titration
(automatic titrator Metler Toledo) to pH 8.2 with
0.1 mol L1 NaOH. The CuCl2–extractable aluminium
(Al)—assumed to be exchangeably and organically
bound Al was determined by ICP in the supernatant of a
single extraction of 3 g of soil with 30 mL of 0.5 mol
L1 CuCl2 (Juo and Kamprath 1979) after 2-h extrac-
tion time, followed by centrifugation at 1500·g the
concentration of Al was determined by means of ICP.
All extraction procedures described above were followed
by ﬁltration through a 0.45-lm Millipore membrane
ﬁlter.
Enzyme analysis
Dehydrogenase activity (DH) was determined by the
reduction of 2,3,5-triphenyltetrazolium chloride (TTC)
to triphenyl formazan (TPF) using Lenhard’s method
according to the Casida procedure (Alef and Nannipieri
1995). Brieﬂy, 6 g of soil was incubated with 1 mL of
3 % TTC for 24 h at 37C. TPF was extracted with ethyl
alcohol and measured spectrophotometrically.
Urease activity (UR) was determined according to
Tabatabai and Bremner (1972) using a water-urea
solution as a substrate. This activity was determined by
the NH4
+ released after a 2-h incubation at 37C. The
concentration of NH4
+ was measured at 410 nm by the
colorimetric method (Alef and Nannipieri 1995).
Statistical analysis
Principal Components Analysis (PCA) method was used
to evaluate the relationships between soil properties,
forest species and parent material. In PCA analysis the
parent material was expressed by the content of sand,
silt and clay. Properties of paired plots were compared
using a parametric honestly signiﬁcant diﬀerence (HSD)
test. Pearson correlation coeﬃcients between enzyme
activities and soil characteristics were also calculated.
General linear model (GLM) was used for the investi-
gated the eﬀect of the species composition, parent
material and chemical properties on the enzyme activity.
All the statistical analyses were performed with Statis-
tica 10 software (2010).
Results
The highest dehydrogenase activity was found in the
glacioﬂuvial sand soils under the oak stand, the lowest
dehydrogenase activity was found in the glacioﬂuvial
sand soils under the pine stand. The highest urease
activity was found in the loess soils under the hornbeam
stand, the lowest urease activity was found in the
glacioﬂuvial sand soils under the pine stand. The sig-
niﬁcant diﬀerences in soil enzyme activity were noted
between all the tree stands except paired beech and pine
stands. Ranges of pHs obtained at the investigated plots
(irrespectively of tree species) showed that sandy soils
had lower pHs than soils derived from loess (3.73–4.09
and 4.06–5.03, respectively), however, the diﬀerences
were relatively small. On glacioﬂuvial sand, the soil pHs
under pine stands were signiﬁcantly lower than that
under oak stands (3.73 and 4.09, respectively). No sig-
niﬁcant diﬀerences in soil pHs were noted between
paired spruce and pine stands (Table 2). On loess, the
soil pH under pine stands was signiﬁcantly lower than
that under broadleaf stands (Table 2). Diﬀerences in the
pHs of the studied species pairs varied. The smallest
diﬀerence in pHs (0.2) was observed in soil developed on
loess in the pine 3-beech pair. A greater diﬀerence (0.4)
was recorded in the soil formed on glacioﬂuvial sands in
the pine 1-oak pair, whereas the greatest diﬀerence (0.8)
was found on loess soils in the pine 4-hornbeam pair.
Soils of the loess stands had higher base cation contents
than sandy soils with similar C contents (Tables 2, 3). In
soils derived from both sands and loess, the base cation
contents decreased in the following order: Ca2+ >
Mg2+ ‡ K+ > Na+, irrespectively of the forest type.
The C contents of glacioﬂuvial sand soils were lower
than those of loess soils. Moreover, in sandy soils, the C
content did not diﬀer between species, whereas in loess
soils, the C content was signiﬁcantly higher in soil under
pine forests than under beech or hornbeam forests
(Table 2).
A projection of the variables on the factor-plane
clearly demonstrated correlation between the variables
and tree species (supplementary variables). Two main
factors had a signiﬁcant total impact (69.19 %) on the
variance of the variables in soil. Factor 1 explained
28.81 % of the variance of the examined properties, and
Factor 2 explained 39.38 % of the variance (Fig. 1). The
soil of hornbeam stands had higher UR and DH activ-
ity. In contrast, the soils of coniferous stands were
characterized by a high C/N ratio. The soil of hornbeam
stands had the highest pH, and Ca2+ and Mg2+ con-
tents. The soils developed from ﬂuvioglacial sands con-
tained a lot of weakly decomposed organic matter (high
C/N ratio). Soils developed from loess, with a large




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































pH, a higher content of base cations and a better rate of
organic matter decomposition. Urease and dehydroge-
nase activities were associated with the pH (Tables 4, 5).
The activity of the studied soil increased with the in-
crease in pH. Enzyme activity positively correlated with
the nitrogen content and negatively with C/N ratio.
Urease activity was positively correlated with silt and
clay content and negatively correlated with sand content
(Table 4). In addition, GLM analysis conﬁrmed the
simultaneous impact of species composition and parent
material on the enzymatic activity (Table 5).
For further analysis, enzyme activities were expressed
in relation to Ct. Such relative values of enzyme activities
were always lower in pine forest soils (Fig. 2). For DHs,
the highest values were noted in oak and hornbeam forest
soils, and similar results were obtained for URs (Fig. 3).
Figures 4 and 5 show the relationships between DH
activity, pH, and the C/N ratio. The increase in DH
activity in soils on both parent materials correlated with
high pH and low C/N ratio. The highest DH activity
occurred in an oak stand on soil formed on glacioﬂuvial
sands and under a hornbeam stand on loess.
Table 3 Comparison of cation content (cmolc kg
1) of the paired study sites
Plot Ca Mg Na K Al
Mean ± SD P value Mean ± SD P value Mean ± SD P value Mean ± SD P value Mean ± SD P value
Glacioﬂuvial sand
O 0.15 ± 0.06 <0.001 0.11 ± 0.03 <0.001 0.01 ± 0.01 n.s. 0.09 ± 0.02 <0.001 3.29 ± 0.44 <0.025
P 1 0.24 ± 0.06 0.05 ± 0.02 0.01 ± 0.00 0.04 ± 0.02 2.88 ± 0.88
S 0.45 ± 0.30 n.s. 0.08 ± 0.02 n.s. 0.02 ± 0.01 n.s. 0.05 ± 0.02 <0.001 4.33 ± 1.35 n.s.
P 2 0.31 ± 0.15 0.06 ± 0.03 0.03 ± 0.02 0.04 ± 0.02 3.48 ± 2.08
Loess
B 0.47 ± 0.14 <0.001 0.09 ± 0.02 <0.001 0.02 ± 0.02 <0.001 0.10 ± 0.01 n.s. 4.75 ± 1.09 <0.005
P 3 0.97 ± 0.45 0.14 ± 0,06 0.04 ± 0.01 0.09 ± 0.05 6.35 ± 1.47
H 2.97 ± 2.01 <0.001 0.42 ± 0.19 <0.001 0.04 ± 0.01 n.s. 0.17 ± 0.03 n.s. 4.89 ± 1.69 n.s.
P 4 0.93 ± 0.51 0.23 ± 0.05 0.03 ± 0.01 0.19 ± 0.05 4.81 ± 0.65
P values of two-sample t-tests are presented
Signiﬁcantly diﬀerent values (P < 0.05) are highlighted
n.s. not signiﬁcant
Table 4 Correlations between enzyme activities and soil charac-
teristics
pHH20 C N C/N Sand Silt Clay
UR 0.61* 0.16 0.18* 0.47* 0.21* 0.20* 0.24*
DH 0.32* 0.04 0.25* 0.33* 0.02 0.02 0.03
DH dehydrogenase activity, UR urease activity
*P < 0.05
Table 5 Results of multivariate analysis of variance based on the
general linear model (GLM) for the enzyme activities, including the
species composition, parent material and chemical properties
DH UR
F P value F P value
pH 34.47 <0.001 59.62 <0.001
C/N 19.98 <0.001 7.57 0.007
Silt 65.68 <0.001 30.56 <0.001
Species composition ·
parent material
73.87 <0.001 12.00 <0.001
Signiﬁcance eﬀect (P < 0.05) are shown in bold
DH dehydrogenase activity, UR urease activity
Fig. 1 Projection of the variables on the factor-plane in soils on
both parent material (O oak, S spruce, P pine, H hornbeam,
B beech, P pine, DH dehydrogenase activity, UR urease activity,
C carbon content, N nitrogen content, Ht total acidity)
Fig. 2 Eﬀect of tree species on the variation of dehydrogenase
(DH) activity per unit of carbon
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Discussion
When we take into account only pine sites, the C content
in soils derived from glacioﬂuvial sand was found to be
lower than in the loess soils. Our results suggest that
pine stores more soil organic C in association with clay
and silt increasing the pool of stabilized organic C in
soil. According to Six et al. (2002), Dobarco and Van
Miegroet (2014), Gruba et al. (2015) in the mineral soils,
the persistence of soil organic C is further enhanced by
the mineral matrix through additional protection
mechanisms, such as the isolation of organic matter in-
side aggregates and surface interactions between organic
compounds and mineral particles, mainly from the silt
and clay fraction. The loess soils under the pine forest
revealed higher enzyme activity than the soils developed
on glacioﬂuvial sand. The loess soils contain more silt
and clay fractions, which promotes enzyme activity.
Allison (2006) and Ling et al. (2014) found that clay
minerals, enhanced potential enzyme activities in soils.
Gianfreda et al. (2005) reported a correlation between
the activity of enzymes (arylsulfatase, b-glucosidase,
phosphatase, urease and dehydrogenase) and soil tex-
ture. They found a positive correlation between the
enzymatic activity and clay and silt contents, and a
negative correlation with the content of sand. Soil con-
taining more clay fraction may maintain larger micro-
bial communities and lower ﬂuctuation of water
Fig. 3 Eﬀect of tree species on the variation of urease (UR) activity
per unit of carbon
Fig. 4 Three-dimensional plot of the relationship between dehydrogenase activity, pH in H2O, and the C/N ratio in soils on glacioﬂuvial
sands in diﬀerent tree stands (circles with O—group of oak plots, circles with S—group of spruce plots, circles with P—group of pine
plots); regression plane marked by black lines
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availability (Chodak and Niklin´ska 2010). Urease
activity is mainly located in the clay-sized fraction and
depends on mineral sorption processed (Kandeler et al.
1999).
We also noted a signiﬁcant correlation between en-
zyme activity and C/N ratio. A lower C/N ratio was
found in broadleaf stands compared with coniferous
stands. The C/N ratio is often used to describe litter
quality, and broadleaf species have a lower C/N ratio
than pine and spruce species (Handsson et al. 2011). The
slow rate of SOM decomposition in coniferous forests
was linked to lower litter quality, as evidenced by higher
C/N ratios (Zhang et al. 2008). According to van Nevel
et al. (2014), the C/N ratio of topsoil in oak stands was
lower than that in pine stands. According to Fontaine
et al. (2003) not only the amount of organic matter in
the soils is important but most of all its quality, as or-
ganic matter aﬀects the supply of energy for microbial
growth and enzyme production. The diﬀerences in en-
zyme activities and other soil characteristics among
deciduous trees is the eﬀect of diﬀering contents of lignin
and nitrogen. Hobbie et al. (2007) and Vesterdal et al.
(2012) suggest that tree species inﬂuence the microbial
decomposition mainly by diﬀering contents of lignin and
nitrogen; species with high lignin content and low
nitrogen content decompose more slowly, which has a
long term impact on the C/N ratio in soils. According to
Jacob et al. (2010) the lignin content in the leaves of
Fagus sylvatica and Carpinus betulus amounts to 88.7
and 80.7 mg g1. Conifers typically have higher lignin
content (25–33 % of dry weight) than broadleaf trees
(20–25 %) (Sjo¨stro¨m and Westermark 1999). Diﬀer-
ences in enzyme activity between pine and spruce stands
can be associated with nitrogen content. In soils of
spruce stands the higher nitrogen content were recorded.
The increase in the availability of nitrogen is the cause of
stimulation of microbial activity (Qian et al. 2014; Ye
et al. 2014). The results conﬁrmed a strong relationship
of the enzymatic activity with the organic matter quality
and pH. The increase in pH caused by the inﬂuence of
the species results in improving the quality and rate of
organic matter decomposition and in the increase in
enzyme activity regardless of parent material type and
particle size. Acidifying species (pine and spruce) aﬀect
Fig. 5 Three-dimensional plot of the relationship between dehydrogenase activity, pH in H2O, and the C/N ratio in soils on loess in
diﬀerent tree stands (circles with H group of hornbeam plots, circles with B group of beech; circles with P group of pine plots); regression
plane marked by black lines
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the decrease in the rate of organic matter decomposition
and at the same time reduce the enzyme activity. Among
the species the hornbeam on loess and oak on ﬂu-
vioglacial sand inﬂuenced most beneﬁcially the organic
matter quality, pH and the stimulation of microbial
activity.
The chemical composition of SOM largely results
from microbial transformation of tree litter, whose
composition, in turn, inﬂuences the activity and diversity
of soil microorganisms (Ushio et al. 2008; Pe´rez-Be-
jarano et al. 2010). Soil organic matter is an organic
carrier of soil enzymes. It is always diﬃcult to determine
whether the observed modiﬁcations in the enzymatic
activities are due to the organic matter content in the
soils or due to actual diﬀerences in enzymatic activity
(Allison and Jastrow 2006; Trasar-Cepeda et al. 2008).
One of the approaches to solving this issue is to use the
values of enzyme activity per unit of organic carbon.
Expressing activity on an organic matter basis shows a
microbial property, as it expresses the nutritional status
of organic matter present from the perspective of the
microorganisms (Wang et al. 2012). Trasar-Cepeda et al.
(2008) expressed the values of activity per unit of C to
compare soils under diﬀerent types of use. Here, DH
and UR activities were expressed per unit of C to
compare the activities of enzymes in coniferous and
broadleaf forest soils. The use of this relationship re-
vealed that enzyme activities in the soils aﬀected by
broadleaf forests were higher than these in pine soils.
Conifer litter contains more components that are recal-
citrant to decomposition than broadleaf litter, resulting
in litter accumulation in the forest ﬂoor and the for-
mation of acidic compounds (Berg 2000). Moreover, in
acidic soils, soil fauna is less active, thereby decreasing
the amount of organic matter mixing with the mineral
soil (Thuille and Schulze 2006), and more material re-
mains on the forest ﬂoor.
In the soils of pine stands on both parent materials,
the smallest DH and UR activities, as well as the lowest
pH, were noted. pH aﬀects soil enzymes activity by
changing in the ionic form of the active sites of the en-
zymes and by aﬀecting the aﬃnity of the substrate to the
enzyme (Wolin´ska and Ste˛pniewska 2012). We conclude
that the decrease in pH was probably caused by tree
species-related modiﬁcation of the relationship between
H+ and Al3+, which aﬀected the composition of CEC,
thereby leading to shifts in microbial community com-
position and size, as well as enzyme dynamics. The pHs
of soil controls enzyme activities via its inﬂuences on
enzyme conformations and on the adsorption of soil
colloids (Frankenberger and Johanson 1982; Turner
2010). According to Sˇnajdr et al. (2013), tree species is
the most important factor aﬀecting the activity of
extracellular enzymes. As extracellular enzymes are
produced by soil microorganisms, diﬀerences in enzyme
activities may be partly caused by diﬀerences in micro-
bial community composition (Urbanova´ et al. 2015).
On both parent materials, the soil pHs was lower
under coniferous species than broadleaf species. Large
diﬀerences in soil pHs conﬁrmed the stronger acidifying
eﬀect of pine and spruce compared with that of the
deciduous species. Many previous studies demonstrated
a strong acidifying eﬀect of coniferous species on soil.
Kulhavy et al. (2010) found a decrease in pH and the soil
CEC under spruce stands compared with those under
beech stands. Gałka et al. (2014) found a lower pH and
increased content of exchangeable aluminum under
spruce stands compared with a broadleaf forest. We
ranked the investigated tree species according to their
acidifying eﬀect on soil in the order of spruce =
pine > oak on sandy soils, and pine > beech > horn-
beam on loess soils, which is consistent with the results
of Augusto et al. (2002), who ordered the acidifying ef-
fect of common European tree species as follows: P.
abies, P. sylvestris > Abies alba > Betula pendula, F.
sylvatica, Quercus petraea, Q. robur > Acer platanoides,
Carpinus betulus, Fraxinus excelsior, and Tilia cordata.
According to Gruba and Mulder (2015), tree species
inﬂuence soil pH by modifying the composition of CEC.
Soil under conifers has a higher percentage of hydrogen
in CEC, while soils under oak stands have higher pHs
due to a greater saturation with aluminum ions, i.e. Al
ions behave like a base cation. The same authors con-
ﬁrmed the previous ﬁndings of Skyllberg et al. (2001),
who demonstrated that in acidic forest soils (with
pH < 4.5), base cations, such as Ca2+ or Mg2+, do not
inﬂuence soil pH due to small share in CEC, moreover,
pH is related to the relative ratios between cations (data
not shown in Figs. 1 and 2), rather than to the their
absolute contents. pH value is the strongest driver of Al
concentrations in soil solution, therefore, in acid soils
the highest concentrations of Al are expected. However,
potential toxicity of Al is usually expressed by Ca to Al
ratio. The Ca:Al molar ratio thresholds suggested by
Cronan and Grigal (1995), indicating higher risk of Al
stress, is 1. So far, the toxicity of Al to trees was con-
ﬁrmed only in case of laboratory experiments and young
trees (seedlings). There is no conﬁrmed evidence for Al
toxicity in ﬁeld conditions (e.g. De Wit et al. 2010), also
in acid Polish forest soils (Gruba et al. 2013).
Conclusions
Lower pHs and slow rate of soil organic matter is pre-
sumably a major factor aﬀecting microbial community
composition and size and, therefore, pH aﬀects enzyme
dynamics. The lowest enzyme activities were found in
acidic soils in coniferous forest stands. We ranked the
investigated tree species with respect to their stimulating
eﬀect on enzyme activities. For sandy soils, the order
was oak > spruce > pine, while on loess soils, it was
hornbeam > beech > pine. A relationship between
enzyme activity and tree species-related SOM quality
was noted. Lower C/N ratios conﬁrm the fast rate of
SOM decomposition and the increase in DH activity.
The results suggest that pine stores more soil organic C
in association with silt and clay increasing the pool of
662
longer residence time soil organic C. The silt fraction,
enhanced potential enzyme activities in soils. The loess
soils contained more ﬁne fractions which promoted en-
zyme activity.
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